ABSTRACT In, Saccharomyce8 cerevisiae, after 8-methoxypsoralen 18-(OMe)Ps] photoaddition, more crosslinks are induced per unit dose in mitochondrial DNA than in nuclear DNA. In wildtype cells treated.in the exponential phase of growth, single-and double-strand breaks are produced during crosslink removal and then are rejoined upon postexposure incubation. The incision step is almost blocked in the rad3-2 mutant, which is also defective in excision-repair of UV-induced (254 nm) pyrimidine dimers. The cutting of crosslinks from nuclear DNA is depressed in wild-type stationary-phase cells. This is correlated with a higher sensitivity of such cells to 8-(OMe)Ps photoinduced, cell killing. The incision of crosslinks is dramatically reduced in mitochondrial DNA. The rejoining ofsingle-and double-strand breaks is not only dependent on the product of the RAD51 gene (as shown by others) but also of the PS02 gene. A correlation was found.between the ability to recombine and strand rejoining. Therefore, as in bacteria, both the excision and the recombinational repair systems are. involved in crosslink repair in yeast. However, double-strand breaks in yeast constitute repair intermediates which are not detected in Eacherichia coli. The LD37 (dose necessary to induce a mean of one lethal hit per cell) corresponds to about 120 crosslinks per genome in.exponential-phase cells of the wild type and to 1-2 crosslinks in the p8o2-1 mutant.
The psoralen derivative, 8-methoxypsoralen Ps] intercalates in DNA; upon exposure to near UV radiation, it reacts with pyrimidine bases to form monoadducts and interstrand crosslinks (1, 2) . These photomodifications of DNA lead to lethality and induction of mutation and recombination (1) (2) (3) . In addition, the production in yeast of the mitochondrial "petite" mutation (rho-) has been reported (4) (5) (6) . Removal ofcrosslinks has been described in Escherichia coli (7) (8) (9) (10) and in mammalian cells in culture (11, 12) . In E. coli, the excision and the recombinational repair pathways are involved in the restitution of an intact genome from DNA containing psoralen photoproducts (7, 9, 10) . In eukaryotes, limited information is available on the molecular steps in relation to the genetic control of repair of crosslinks in DNA. On the basis of sensitivity to cell killing in rad mutants compared to the wild type, it was demonstrated that in the yeast Saccharomyces cerevisiae, in addition to the excision (rad3 type), the error-prone (rad6 type), and the DNA double-strand-break (rad52) repair pathways (5, 13) , some repair steps controlled by a class of genes designated pso (14) also are implicated in the repair of this last type of lesion.
In this report, we determined the proportion of 8-(OMe)Ps photoinduced crosslinks as a function ofdose and followed their fate in nuclear and mtDNA in a normal strain. The influence of the growth phases, known to modify the lethal response (15), on crosslink removal was studied. An excision-deficient mutant (rad3) and one of the pso mutants (pso2) defective in the G2-phase repair (14) are shown to be, respectively, deficient in the cutting ofcrosslinked DNA and.in the rejoining ofstrand breaks that occur as a result of crosslink incision.
MATERIALS AND METHODS
Strains. The normal haploid strain of S. cerevisiae N123 (a hisN) was used. The pso2-1 mutant derived from N123 is specifically sensitive to photoaddition of psoralen derivatives (14) .
The excision-defective strains radl-3 and rad3-2 derived from strains N123 (E. Moustacchi) and LP194 (L. Prakash), respectively, were also used. These mutants are sensitive to 254-nm UV radiation and 8-(OMe)Ps photoaddition.
A cytoplasmic mutant deprived of mtDNA (rho0) derived from radl-3 was examined.
Media. Cells were grown in YED nutrient medium [0.5% yeast extract (Difco)/2% bactopeptone (Difco)/2% glucose] or in Y synthetic medium (16) .
Radioactive Labeling and Conversion to Protoplasts. Labeling of DNA was carried out by growing the cells for six generations in Y minimal medium to which, [6-3H] uracil (10 p.Ci/ ml; 20 Ci/mmol)-or [2-"4C]adenine (6 ,uCi/ml; 50 Ci/mmol) were added (1 Ci = 3.7 x 1010 becquerels). For conversion to protoplasts, the method of Schwencke et aL (17) was followed. Cells were pretreated with 5 mM dithiothreitol, treated with 5% (vol/vol) Glusulase, and maintained in stabilizing medium (0.8 M sorbitol/0. 1 M sodium citrate, pH 5.8).
Treatment with 8-(OMe)Ps Plus 365-nm Light. The cell suspension in 0.9% NaCl, or protoplasts in sorbitol, at 5 x 106 cells per ml were incubated in the dark at 40C in the presence of 50 ,LM 8-(OMe)Ps for 15 min. They were then irradiated at 365 nm for the indicated dose as described (14) .
Equilibrium Density Gradient Centrifugation. Samples of 5 x 107 protoplasts nontreated or treated with 8-(OMe)Ps plus 365-nm light were washed and lysed in 2 ml of 0.01 M Tris/ 0.1 M EDTA, pH 8/1% Sarkosyl. The RNA was digested by a 30-min treatment with 0.1 ml of pancreatic RNase (Sigma; 1 mg/ml) and 0.1 ml ofRNase T1 (Sigma; 5,000 units/ml) at 370C. The samples were dialyzed against 0.01 M Tris/0.1 M EDTA, pH 8. CsCl was added to a density of 1,700 g/cm3, and centrifugation was carried out in a Ti 50 fixed-angle rotor for 60 hr at 42,000 rpm. Fractions of three drops were collected and 5 tld of each fraction was assayed for radioactivity. and mtDNA were pooled separately and dialyzed. The DNA was sheared by forcing the solution through a 24-gauge needle 10 times. After alkaline denaturation (0.3 M NaOH), followed by renaturation (HCl) up to neutralization, single-stranded and double-stranded DNA were separated by CsCl equilibrium sedimentation. Only segments of crosslinked DNA will be able to renature. Fractions of three drops were collected in vials and counted with 0.5 ml ofwater plus 5 ml ofPCS scintillation liquid (Amersham).
Alkaline and Neutral Sucrose Gradient Centrifugation. Samples were treated as for equilibrium density gradient. After shearing the DNA, 0.1 ml was layered onto neutral sucrose gradients (15-30% sucrose in 0.01 M Tris HCl, pH 8/0.015 M EDTA, pH 8/1 M NaCV1% Sarkosyl). Centrifugation was carried out at 25,000 rpm for 20 hr in a SW 50 rotor at 50C. Fractions of eight drops were collected and counted. For alkaline sucrose sedimentation after denaturation/renaturation, samples (0.1 ml of DNA) were layered onto alkaline sucrose gradients (15-30% sucrose in 0.9 M NaCV0.3 M NaOH/0.04 M EDTA, pH 12) to which a 0. 1-ml layer of 1 M NaOH/1% Sarkosyl/0.04 M EDTA was added. After 1 hr at room temperature, they were centrifuged, collected, and counted as for neutral gradients.
Yeast DNA was labeled with ['4C]adenine, and 3H-labeled A phage DNA was used as a Mr marker. Mr calculations were made according to . In all figures, the direction of sedimentation is from right to left.
RESULTS
Induction of Crosslinks in Nuclear and mtDNA as a Function of Dose. In order to avoid fast incision of crosslinks and to simplify the isolation ofnuclear DNA in CsCl gradients, a radl-3 rho0 strain was used. Protoplasts treated with 8-(OMe)Ps were exposed to different doses of365-nm radiation. The profile from the nonirradiated control showed a single peak in the single-stranded DNA position (Fig. LA) . For irradiated protoplasts, a second peak sedimenting in the double-stranded DNA position appeared, and it increased with the dose (Fig. 1 B-D) . The proportion of crosslinked DNA was estimated from the radioactivity in the peaks. Up to a dose of 2 kJ m-2, there was a slight change in the proportion ofcrosslinked DNA, after which there was a linear increase to a dose of 7 kJ m 2 followed thereafter by a less pronounced increase ( Fig. 1 Inset).
For mtDNA isolated from a radl rho' strain (CsCl profiles not shown), the enhancement ofcrosslinked DNA as a function of dose was faster and the maximum attained was higher than for nuclear DNA (Fig. 1 Inset) .
Kinetics of Crosslink Removal in a Wild-Type Strain. Cells of the strain N123 were treated with 8-(OMe)Ps and a 4.8-kJ m-2 dose of 365-nm radiation (10% survival) and were incubated in YED with aeration at 28°C. Samples were taken as a function of time, and the proportion of crosslinked DNA was determined. For exponential-phase cells, almost all of the double-stranded nuclear DNA was shifted to the single-stranded DNA peak within 2 hr of incubation (Fig. 2C Left) . This disappearance of crosslinked DNA took place 8 hr before resumption of semiconservative DNA synthesis (data not shown). For stationary-phase treated cells, even after 6 hr of incubation, 68% of induced crosslinked DNA remained as a doublestranded DNA peak (Fig. 2D Center) . In both growth conditions, the radioactivity in nuclear DNA recovered from CsCl gradients (Fig. 2) and in trichloroacetic acid-precipitable material from treated cells (data not shown) remained almost constant upon incubation. This indicates that the degradation of DNA during this period was negligible.
In exponential-phase cells after a dose of 4.8 kJ m2, 85% of the mtDNA sedimented in the double-stranded position; even after 6 hr ofincubation in YED, 74% ofthe DNA was still crosslinked ( Fig. 2 B and D Right). As for nuclear DNA, no extensive degradation of mtDNA was observed.
The Fate of Crosslinks in Repair-Defective Mutants. In the rad3-2 mutant, defective in excision of UV-induced pyrimidine dimers (19) after treatment of exponential-phase cells with 8-(OMe)Ps and a 4.8-kJ m2 dose of 365-nm radiation, the equilibrium sedimentation profile in CsCl showed that, after incubation in YED, the proportion of crosslinked nuclear DNA (30%) remained about the same as it was immediately after treatment (Fig. 3 Left) .
The pso2-1 mutant that is specifically sensitive to the lethal effect of furocoumarin photoaddition in both G1 and G2 phases (14) gave the same response as the wild type did in terms of crosslink incision (Fig. 3 C and D Right) . After treatment with 8-(OMe)Ps and 365-nm light and a subsequent 2-hr incubation, the induced crosslinks were removed. The profile of singlestranded DNA after incubation showed, however, a wider dispersion than in the case of untreated control cells (Fig. 3A  Right) .
DNA Strand Cutting and Rejoining. Properties of crosslinked nuclear DNA undergoing repair were investigated by sedimentation in alkaline sucrose gradients. After treatment with 8-(OMe)Ps and 7.2 kJ m 2 of 365-nm radiation, samples of the wild-type strain, the rad3-2 mutant, and the pso2-1 mutant were withdrawn after various incubation times. Sedimentation profiles ofthe three strains are shown in Fig. 4 . DNA from nontreated cells sedimented at a position that corresponds to a Mr 5,000,000 single-stranded DNA (Fig. 4 A-C) . Immediately after exposure to 8-(OMe)Ps and light, crosslinks prevented the separation ofthe DNA strands, and the DNA sedimented faster (Fig. 4 A-C) . After a 15-min incubation, the DNA in wild-type and in pso2-1 mutant cells was converted to slow-sedimenting material, indicating that the crosslinks were incised (Fig. 4 A  and C) . Immediately after treatment, the shift to fast-sedi- menting material was smaller in rad3-2 than in the other two strains (Fig. 4B) . The amount of induced crosslinks being the same for all strains at equal doses as judged from CsCl profiles, this difference is likely to be due to sampling variations between gradients. Slow-sedimenting material did not appear in the rad3-2 mutant (Fig. 4B) , indicating that this strain is defective in the cutting step. This is in accord with the data shown on Fig.   3 Left and with the conclusions of a recent report (20) .
In wild-type cells, strand rejoining took place after a longer posttreatment incubation, the Mr reaching 3,000,000 within 2 hr (Fig. 4A ). This rejoining step did not occur in pso2-1 even after 4 hr of posttreatment incubation (Fig. 4C) .
These results were confirmed by neutral sucrose sedimentation analysis (Fig. 5) . For wild-type and pso2-1 mutant cells, the average Mr ofcontrol duplex DNA is 10,500,000. After combined exposure to 8-(OMe)Ps and 365-nm light and after 15 min of incubation, double-strand breaks were made in both strains. Upon a further incubation period, double-strand cuts were rejoined in wild-type cells (Fig. 5A ), whereas they were not rejoined in the pso2-1 mutant (Fig. 5B) . In the experiments reported in Figs. 3, 4 , and 5, the amount of DNA recovered in the pso2-1 strain as a function of incubation time was similar to that found in the wild-type strain. This indicates that a general degradation process of DNA does not take place in this mutant.
DISCUSSION
After treatment with a constant concentration of8-(OMe)Ps and various doses of 365-nm light, the amount of renaturable DNA increases with increasing dose because of the presence of interstrand crosslinks. When data for yeast nuclear DNA from several experiments (Fig. 1 ) are plotted on a logarithmic scale, second-order kinetics are observed in the dose range up to =4.8 kJ-m2, indicating [in agreement with previous reports on prokaryotic DNA (21) ] that two photons are required for induction of crosslinks. In the higher dose range, however, the yield of induced crosslinks follows first-order kinetics. It is possible that after saturation ofthe DNA by monoadducts, the transformation of monoadducts to crosslinks by absorption of one photon is the most probable event.
The number ofinduced crosslinks per genome at a given dose can be estimated from the Mr of the DNA derived from neutral sedimentation analysis and from the fraction of renaturable DNA given by the isopycnic centrifugation. The mean number of interstrand crosslinks has been calculated as described by Kircher et al (22) . From the combined data of Figs. 1 and 5 , at the dose of 5.8 kJm-2 still in the linear portion of the induction curve, the calculations give values of 30.9 X 10-9 and 219 X 10-9 crosslinks per Mr unit in the nuclear and mtDNA, respectively. At the LD37 (dose necessary to induce a mean of one lethal hit per cell) for the wild type (2.7 kj-m-2), about 122 crosslinks per genome are induced. Extrapolation of the curve given in Fig. 1 Inset indicates that the dose necessary to induce a mean ofone crosslink per genome is of300 J m-2. Interestingly enough, this dose corresponds to the LD37 ofthe pso2-1 mutant.
The higher proportion of crosslinks found for the mtDNA may be either related to a higher local concentration of 8-(OMe)Ps in mitochondria or more likely to the high A+T content (82%) of this genome and to the presence of A+T-rich stretches making up about 50% of the mtDNA (23) .
Sedimentation methods show that in wild-type cells treated in the exponential phase of growth after a short incubation period and well before resumption of semiconservative DNA synthesis, most of the induced crosslinks are removed. This is ac- (20) photoinduced crosslinks. These data confirm the observations that indicated a dependence of crosslink repair upon the excision pathway in yeast (5) as well as in E. coli (7, 8) and in human skin fibroblasts (12) . In accord with previous conclusions (5, 8, 12) , it is clear that the repair processes of pyrimidine dimers and crosslinks share a common step.
The incision of crosslinks in nuclear DNA is also dependent upon the growth phase. For a similar proportion of induced crosslinks, it is slowed down in stationary-phase cells. Indeed it was found that exponential-phase cells are more resistant than stationary-phase cells to 8-(OMe)Ps-plus 365-nm-light-induced cell killing, and examination of synchronous cultures showed that the increased resistance is associated with the end of S and G2 phases in the cycle (15) . This suggests that either the presence of DNA duplexes in S and G2 phase favors the removal of crosslinks or that depletion of nutrients in stationary phase reduces the repair capacity. The ATP-dependence of repair enzymatic activities for psoralen-photoinduced lesions (24) and effects of energy state on excision of UV-induced pyrimidine dimers in yeast (25, 26) are documented.
The incision of crosslinks is hampered in mtDNA: after 6 hr of incubation subsequent to treatment, about 75% of induced crosslinks are still present in this genome. Similarly, UV-in- duced pyrimidine dimers are not excised from mtDNA in yeast (27, 28) . However, the considerable degradation ofmtDNA that occurs after UV-treatment is not observed in the case of 8-(OMe)Ps photoaddition.
In wild-type cells, the cutting of DNA is followed by the restitution of high Mr DNA: the majority of both single-and double-strand breaks are repaired within 2 hr after the treatment. The pso2-1 mutant is able to perform the incision of adducts, and, as in the wild type, single-and double-strand breaks are concomitantly produced. However, in contrast to the wild type, pso2-1 is defective in the repair of both single-and doublestrand breaks. The Mr of single-stranded DNA in the pso2-1 strain is reduced in comparison to the wild type at 15 min of posttreatment incubation, and it is lower than expected if one photoadduct corresponded to one incisional event (29) . However, it seems unlikely that the defect in pso2-1 consists primarily of an excess of incisional events leading to general degradation. Indeed, the Mr of double-stranded DNA and the recovery of total radioactivity in DNA is about the same in both strains at 15 min. The rejoining of double-strand breaks being blocked in pso2-1 (Fig. 5B) , it is possible that the inhibition of rejoining may lead as in E. coli (30) to increased endonucleolytic activity, which reduces the size of fragments. It is noticeable that the pso2-1 mutant, which is sensitive to 8-(OMe)Ps photoaddition, shows a moderate sensitivity to monofunctional agents, such as 3-carbethoxypsoralen with 365-nm light (14) . Moreover, we have seen that the LD37 of this mutant corresponds to one crosslink per genome. Taken together with the fact that pso2-1 has lost the resistance characteristic of G2 phase cells and of diploids when in the homozygous state (14) , it can be concluded that the PS02 gene governs an important step in the repair of interstrand crosslinks.
Similarly, the rad52 type mutants known to be blocked in radiation-induced recombination (31, 32) and to be sensitive in G2 phase to x-rays (32, 33) and to 8-(OMe)Ps photoaddition (13) are also defective in the rejoining of double-strand breaks produced by both types ofagents (20, 34, 35) . Therefore, the breaks rejoining requires both the PS02-1 and the RAD52 type gene products, and this process is likely to be of the recombinational type. However, the pso2-1 and rad52 mutants differ in their phenotypes: pso2-1 has a normal sensitivity to y-rays (14) , is more sensitive than rad52 to 8-(OMe)Ps photoaddition in stationary phase (13) , and is mutationally defective (36) ; rad52 shows a normal, induced mutagenesis (refs. 37 and 38; C. Cassier, personal communication). Consequently, the intermediates repaired by the PS02 or by the RAD52 gene products are likely to differ. However, it is not excluded that one given crosslink gives rise to different substrates, requiring thereafter the sequential action of the PS02 and RAD52 gene products. Indeed, different types of intermediates are thought to be produced in bacteria during repair of crosslinks (7, 10) . The breakrejoining step in E. coli is recA dependent (8, 9) . In other words, in yeast as in bacteria, the repair of crosslinks not only involves the excision process but also a recombinational process. However, a major difference is that double-strand breaks are not detected in E. coli (8) , whereas such intermediates are clearly produced in yeast ( Fig. 5; ref. 20) . Because the ratio of monoadducts to crosslinks induced by 8-(OMe)Ps photoaddition is 10:1 (2), breaks are expected to occur also during the repair of monoadducts. Double-strand breaks could arise from overlapping gaps due to incision of closely opposed monoadducts or of monoadducts and crosslinks. Bacteria and yeast may differ either in the kinetics of repair of such gaps or in the steps of recombinational repair.
